INTRODUCTION
============

Hair follicle is a self-renewing organ, composed of epithelial and dermal compartments interacting with each other. The hair matrix keratinocytes produce the epithelial parts of the hair follicle: the hair shaft, the inner root sheath and the outer root sheath (ORS). The dermal part, of mesenchymal origin, consists of dermal papilla and connective tissue sheath, known to be rich in extracellular matrix compounds, such as glycosaminoglycans (GAGs)[@B1][@B2][@B3][@B4]. GAGs are anionic polysaccharide chains, covalently attached to core proteins to form proteoglycans (PGs), except from hyaluronic acid which can be found as a free polymer[@B5][@B6].

PGs are present in all mammalian tissues and they represent structural and functional components of the extracellular matrix, of cellular and basement membranes (BMs) and of the skin and its appendages, as the hair follicle[@B7][@B8].

Based on previous studies[@B8][@B9] dermal papilla is enriched with a BM--chondroitin-sulphate proteoglycan (BM-CSPG), which has a rather stabilizing role; heparin sulphate (HS)-PGs, as perlecan, are present in dermal papilla and follicular BMs; a leucine-rich PG, decorin, is associated with interstitial collagens and may influence fibrillogenesis; the transmembrane PG syndecan is strongly expressed in mesenchymal cells participating in epithelial-stromal interactions during hair follicle morphogenesis. There is evidence that during the hair cycle, versican may interact with secreted growth factors modulating the signalling exchange between the epithelium and the dermal papilla[@B9].

Also, Kloska et al.[@B10] demonstrated changes in hair morphology of patients suffering from mucopolysaccharidosis I (MPS I), indirectly related to dermatansulphate accumulation. The mechanism of abnormal hair fiber formation[@B11] has not been clarified.

Recently, Malgouries et al.[@B12], using immunohistochemistry and immunofluorescence techniques, detected syndecan-1 and CD44v3 in the epithelial part of the hair and in the ORS, while the dermal compartment of the hair follicle was shown to contain large amount of PGs and their GAG chains, such as HS, chondroitin sulphate (CS), dermatansulphate and keratin sulphate. Syndecan-1 and its heparansulphate moiety were expressed in the part of the hair shaft within the follicle; the PG pattern was characterized by discontinuities and disappearance of some epitopes.

Although there are several studies describing PGs and GAGs distribution in the human follicle, to the best of our knowledge, there are no data regarding isolation and quantification of GAGs in the free part of the human hair shaft.

Therefore, we investigated the presence of GAGs in the free hair shaft from healthy volunteers and we examined the possible correlation of GAG levels with participants\' age and the scalp region of hair origin.

MATERIALS AND METHODS
=====================

Subjects and methods
--------------------

Seventy-five healthy individuals were selected to participate in the study, 58 adults, men and women over the age of 50 and 17 children (aged 4\~9). All participants were clinically free of disease (hair and/or scalp disease included) for the last 6 months at least, as defined by medical history and present physical examination. Routine haematological and biochemical tests were within normal limits. The presence of stable androgenetic alopecia (stages I\~III, according to Hamilton classification for males, and stages I\~II, according to Ludwig classification for females) was allowed. To limit possible hormonal influence, women were in postmenopausal phase for at least one year before entering the study and children had no clinical signs of puberty. Usual scalp hair manipulation was permitted, but any topical use of herbal or chemical substances, which remain permanently in hair or provoke permanent damages (e.g., hair dyes, permanent, etc.) as well as topical pharmaceutical treatment, were not.

The study was approved by the Ethics Committee of the Medical School of University of Athens (no. 12140/30-07-2008) and all participants (or children\'s parents) signed a written consent.

Two hair samples were taken from every participant; one from the parietal and another from the occipital area. To assure that we have taken the last 6 months hair, from all participants, and knowing that hair grows at a rate of approximately 1 cm per month[@B13], we left 1 cm from the scalp surface and cut hair of 5 cm length, to reach the total weight of 0.250 g per sample. The samples were stored at room temperature until analysis.

Since there were no previous studies regarding GAGs isolation in hair, we used an extraction protocol with 4 M guanidine HCl, previously described for skin and other tissues[@B14][@B15]. Initially, hair was extensively washed with Teen 80 (1%) and distilled water, to remove any debris, and dried at room temperature. Then, hair samples were cut in pieces of 1 cm length approximately and every sample was suspended with 2.5 ml 4 M guanidine HCl/0.05 M sodium acetate (pH 5.8), under continuous stirring for 48 hours at 4℃[@B15][@B16]. GAGs were measured in the remaining solution after hair removal and centrifugation at 20,000 g for 20 minutes at 4℃[@B14].

Uronic acid (UA) was quantified according to the photometric method of Bitter and Muir[@B17]. GAGs were expressed as UA hair in mg per g of hair. Since keratin sulphate does not contain UA, it is not accounted in our measurement[@B14].

Statistical analysis
--------------------

Descriptive statistics are presented as means±standard deviations, medians and ranges, or percentages when appropriate. Because most of the variables were non-normally distributed, we proceeded to the statistical analysis using non-parametric tests. Continuous variables were compared by means of the two-sample Wilcoxon rank-sum (Mann-Whitney) test, the Wilcoxon matched-pairs signed-ranks test, and the Kruskal-Wallis (equality-of-populations) rank test. Linear regression analysis was also performed when the levels of GAGs (per gram of hair shaft) was the outcome of interest. Covariates included in the univariable and the multivariable models were either binomial (gender; alopecia) or continuous variables (age; height; weight; body mass index). For hypothesis testing, a probability level of \<0.05 was considered to be statistically significant. All statistical tests were two-sided. Stata software was used for all statistical analyses (Stata Corp., College Station, TX, USA).

RESULTS
=======

The study population included 75 Caucasian healthy volunteers, who were enrolled, interviewed and tested during a 2-year period. The demographic, clinical characteristics, laboratory parameters and GAGs measurements of the study population are summarized in [Table 1](#T1){ref-type="table"}.

GAGs were isolated in the free hair shaft of all participants, from both scalp regions, parietal and occipital. The levels of GAGs in the hair shaft were not different between the two genders. On the other hand, they were significantly higher in the occipital than in the parietal region of the scalp in the overall study population (n=75; median: 197.0, range: 59.0 to 779.5 vs. median: 120.6, range: 27.6 to 776.6; *p*\<0.001), as well as when the comparison was restricted among the children (n=17; median: 442.3, range: 138.9 to 779.5 vs. median: 139.7, range: 82.8 to 776.6; *p*=0.002) or among the adults (n=58; median: 157.7, range: 59.0 to 744.8 vs. median: 108.0, range: 27.6 to 412.7; *p*\<0.001).

The GAG levels were not associated with body mass index, hair colour, or type, but were significantly higher especially in the parietal region of the scalp of males with alopecia (n=17; median: 142.6, range: 37.1 to 404.8) as compared to the other healthy adult men (n=15; median: 96.3, range: 27.6 to 211.8; *p*=0.036).

GAGs in the hair shaft were significantly higher in children (n=17) than in adults (n=58), both in the occipital (median: 442.3, range: 138.9 to 779.5 vs. median: 157.7, range: 59.0 to 744.8; *p*=0.002) and in the parietal region of the scalp (median: 139.7, range: 82.8 to 776.6 vs. median: 108.0, range: 27.6 to 412.7; *p*=0.015).

Furthermore, to evaluate the potential explanatory variables independently associated with the levels of GAGs in the hair shaft, we have run univariable and multivariable linear regression analyses. When the analysis was restricted to the adult population, body mass index (beta coefficient: +8.80; *p*=0.006) were independently associated only with the values of the GAGs in the parietal hair shaft of adults ([Table 2](#T2){ref-type="table"}, [3](#T3){ref-type="table"}). When this analysis was repeated among the children (data not shown), only the body weight was found to be positively associated with the GAG levels in the parietal hair shaft (beta coefficient: +12.6; *p*=0.026).

DISCUSSION
==========

We investigated the presence of GAGs in the free hair shaft from healthy volunteers and we examined the possible correlation of GAG levels with participants\' age and the scalp region of hair origin. As there was no previous experience of GAGs extraction from hair, a protocol with 4 M guanidine HCl, already performed for skin and other tissues was used[@B14][@B15] (see MATERIALS AND METHODS section). Then, GAGs levels were measured by the UA-carbazole reaction assay. This assay is a modification of an older method of Dische[@B18] based on the reaction of carbazole with the hydrolysed dehydrated derivatives of hexuronic acids. It allows the estimation of glucuronic acid (contained in CS and hyaluronic acid), as well as iduronic acid (contained in GAGs such as dermatan sulphate and heparin). Although it is a high sensitive quantitative method, some limitations should be taken into account: keratan sulphate which does not contain UA, cannot be accounted with this technique[@B14].

We know that hair growth on the scalp occurs in cycles where periods of growth are followed by periods of regression. The androgens[@B19] are the most important regulators of this process for adults with normal thyroid function and sufficient nutrition. They stimulate hair growth in many body areas in men, but they may have an opposite effect on specific hair follicles even in the same person, at different scalp areas. This paradoxical activity of androgens is not fully understood. Therefore, GAGs from parietal and occipital hair shaft samples were measured.

We found that children\'s free hair shaft contained GAGs. In hair samples collected from the same areas of adults, we have shown GAGs presence, but in lower levels compared to children. It is known that age-related changes occur in human skin GAGs. Also, senescent alopecia[@B20], defined as non androgen-dependent progressive decrease in the number of hair follicles and hair thinning (reduction of hair diameter is observed), found in people of over 50 years of age, as a result of normally cumulative degeneration, is an aging hair phenomenon. It could be suggested that hair GAG decrease in aging hair may be involved in the mechanism of thinning of hair of elderly and that hair GAG alterations follow or at least, are influenced by the overall skin and normal hair aging process[@B15][@B16][@B21][@B22].

In both children and adults the occipital hair GAG concentration was higher than the parietal one. Previous studies have proved that there are differences between frontal-parietal (FP) and occipital areas in hormonal receptors\' distribution and sensitivity[@B23][@B24]. Dermal papilla cells from androgen dependent regions, contain higher levels of androgen receptors (AR) than those from androgen-insensitive areas[@B25]. Also, in women with androgenetic alopecia, increased AR expression in the FP region has been found (not observed in normal controls), proving the role of androgen hypersensitivity in this region[@B26]. Moreover, a second estrogen receptor, estrogen receptor β (ER β), present in androgen target tissues, as the prostate, has been also, identified in both male and female non balding human scalp skin[@B24]. It was supposed that since ERβ may be important in controlling prostate growth, probably by down regulating AR expression[@B27], by extension, it could play a similar role in the human hair follicle and regulate androgen-dependent hair growth, by modulating AR expression or androgen signaling pathways.

According to Randall\'s hypothesis[@B19], androgens act directly to dermal papilla cells binding to receptors and initiating altered gene expression of regulatory factors within the follicles. Signaling factors such as Wnt and sonic hedgehog[@B28], growth factors, as well as transmembrane and extracellular matrix molecules, seem to be implicated in that process initiated by the androgens[@B29]. HS and CS modulate the actions of growth factors such as fibroblast growth factor (FGF)[@B30][@B31], vascular endothelial growthfactor (VEGF)[@B32], bone morphogenetic proteins (BMPs)[@B33], Wnt[@B28] and sonic hedgehog[@B28], which are known to be involved in the biology of the hair follicle[@B12][@B34]. It is known that dermal papilla is rich in GAGs but as shown in patients with androgenetic alopecia (AGA)[@B35], androgens activity is related to GAGs reduction. It could be suggested that the occipital privilege of GAGs in our study, may be explained by the non-sensitivity to androgens in this region.

There is evidence that hair growth in anagen in normal scalp is associated with the presence of CS-PGs in the dermal papilla and that regression in catagen is associated to their removal[@B36]. Also, versican was almost lost in hair follicles affected by male pattern alopecia, in androgen-dependent areas[@B35]. Surprisingly, in our study, parietal hair from men with androgenetic alopecia had higher GAG levels when compared to men without alopecia, but still lower than in the occipital area. Further studies should confirm these data and explore possible alterations in the environment of the remaining follicles in people with androgenetic alopecia that could lead to increased GAG levels in this area.

No significant difference in GAG levels was detected between the two genders comparing hair samples from the same areas. We know that estrogens influence hair growth: they can prolong the anagen phase, e.g., in pregnancy, while female pattern alopecia is most frequently observed after menopause when estradiol production is minimal[@B37]. As our females were in menopause, the influence of estrogens on their hair was assumed to be limited. This parameter may explain why the levels of hair GAGs were not different between men and women in our study. Hair shaft GAG levels were not altered by different natural color (black, blond, brown, other) or type (straight, curly, wavy). GAGs from parietal hair were correlated with BMI in adults and body weight in children. As FP area is the region of androgenetic alopecia expression, this finding suggests that metabolic factors could be involved in the pathogenesis and treatment of androgenetic alopecia. Several previous studies have associated androgenetic alopecia with metabolic syndrome[@B38] or insulin resistance presence[@B39]. Also, low zinc serum levels[@B40] have been found to be related with hair loss. It could be suggested that the parietal area may be sensitive to metabolic disturbances. Additional studies should explore the role of GAGs in the whole process.

In conclusion, this descriptive study should be considered initial, as it is the first to report the presence of GAGs in the free hair shaft, as well as a preliminary quantitative estimation of hair GAG levels.

Although GAGs are necessary for hair keratins production[@B41][@B42], specific GAG function in hair shaft has to be elucidated. Studies of the hair cycle revealed reduction of GAGs in the connective tissue around the follicle, in patients with hair loss. This reduction was associated with abnormal fragility of scalp hair, suggesting a process of keratin degradation[@B42][@B43]. We can hypothesize that GAGs in hair shaft are important for structure and density maintenance.

We believe that the reported presence of GAGs in the hair shaft is of importance and may have special implication in the constant research for the development of new formulas for effective hair care products. Problems of aging hair[@B21] as thinning, dryness and weathering are very frequent. Dry hair does not have enough moisture and loses its shine. This happens because of cuticle damage after chemical and cosmetic procedures such as coloring, permanent, straightening etc, or excessive brushing when hair is wet. As cuticle becomes porous, the hair cortex cannot retain humidity. Different amino acids profile has been identified in normal and weathered hair[@B21]. GAGs have the ability to bind to water and peptides. This characteristic indicates that they could be target or vehicle molecules and potential anti-aging agents for hair: lost amino acids and humefactant agents could be delivered back to the hair shaft from cosmetic preparations, as shampoos and conditioners[@B44].

Moreover, our data has shown the correlation of hair GAG levels with participants\' age. We believe that age-related hair GAGs changes may affect hair penetration and absorption of herbal or chemical substances and topical therapeutic agents. Thus, new hair care products and treatments should be tailored to age.

Finally, our findings may be proved clinically significant, at least for MPS studying. MPSs are inherited disorders caused by specific enzymatic defects involved in GAGs degradation. In MPS I, II, and III types hair abnormalities have been described[@B11]. Recently, hair morphology changes of MPS I patients disappeared after enzyme replacement therapy with recombinant human α-L-iduronidase, the improvement being correlated with urinary GAGs normalization. A hair abnormality score, based on scanning electron microscopy analysis, was proposed as a potential parameter for monitoring the efficacy of MPS treatment[@B10]. Although hair abnormalities are not necessary correlated with disease clinical severity, we believe that our quantitative determination of hair GAG levels could be a useful, non-invasive, inexpensive tool for assessing existing or future therapies for MPS. In such a case, it would be interesting to further explore whether it could be also, utilized as a marker of determining the most efficacious dose for new MPS drugs.

Overall, future studies should explore the role of GAGs, if any, in hair as: (a) factors of importance for hair homeostasis, (b) informative parameters for hair aging, (c) potential hair anti-aging agents, (d) target or vehicle molecules for future therapies and cosmetic preparations, (e) clinical predictors of hair treatments\' responsiveness.
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###### Characteristics of the study population

![](ad-28-533-i001)

  Characteristic                 Value
  ------------------------------ --------------------------------
  Age (yr)                       53.3±26.8/62 (4∼95)
  Gender (male) (n=75)           45 (60.0)
  Androgenetic alopecia (n=72)   23 (31.9)
  Hair colour (n=75)             
   Black                         22 (29.3)
   Blond                         15 (20.0)
   Brown                         37 (49.3)
   Other                         1 (1.3)
  Hair type (n=75)               
   Straight                      31 (41.3)
   Wavy                          40 (53.3)
   Curly                         4 (5.3)
  Height (cm)                    157.1±20.7/160 (101∼190)
  Weight (kg)                    64.2±22.9/69 (16∼110)
  Body mass index (kg/m^2^)      24.8±5.2/25.5 (14.6∼37.8)
  Parietal GAGs                  152.2±130.2/120.6 (27.6∼776.6)
  Occipital GAGs                 279.0±199.1/197.0 (59.0∼779.5)

Values are presented as mean±standard deviation/median (range) or number (%). GAGs: glycosaminoglycans.

###### Evaluation of potential explanatory variables for levels of GAGs among adults (linear regression analysis\' results)
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  Parameter                Univariable analysis       Multivariable analysis                           
  ------------------------ -------------------------- ------------------------ ----------------------- -------
  Parietal GAGs                                                                                        
   Age                     +1.00 (−1.26, +3.25)       0.38                     \-                      \-
   Gender                  +10.49 (−34.45, +56.42)    0.65                     \-                      \-
   Androgenetic alopecia   −20.72 (−67.17, +25.73)    0.38                     \-                      \-
   Height                  −1.53 (−3.84, +0.78)       0.19                     \-                      \-
   Weight                  +0.69 (−1.16, +2.55)       0.46                     \-                      \-
   Body mass index         +6.45 (+0.56, +12.34)      0.033                    +8.80 (+2.60, +15.00)   0.006
  Occipital GAGs                                                                                       
   Age                     −3.61 (−7.86, +0.65)       0.095                    \-                      \-
   Gender                  −64.51 (−151.26, +22.24)   0.14                     \-                      \-
   Androgenetic alopecia   −13.68 (−103.53, +76.16)   0.76                     \-                      \-
   Height                  +1.77 (−2.71, +6.25)       0.43                     \-                      \-
   Weight                  +3.48 (+0.02, +6.94)       0.049                    \-                      \-
   Body mass index         +9.06 (−2.49, +20.61)      0.12                     \-                      \-

GAGs: glycosaminoglycans, Coef.: beta coefficient, CI: confidence interval.

###### GAGs in hair shaft according to scalp regions
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  ------------------------------------------------------------------------------------------------------------------
  Variable                             Hair GAGs (mg/g)                                        
  ------------------------------------ -------------------- -------------------- ------------- ---------------------
  Children (n=17)                      239.1±203.7          139.7 (82.8∼776.6)   419.9±241.3   442.3 (138.9∼779.5)

  Men (n=32)                           122.0±74.3;\         113.7 (27.6∼404.8)   266.6±183.6   192.6 (59.0∼744.8)
                                       113.7 (27.6∼404.8)                                      

   Normal (n=15)                       94.2±49.2            96.3 (27.6∼211.8)    263.6±215.3   149.2 (59.0∼744.8)

   With androgenetic alopecia (n=17)   145.4±85.2           142.6 (37.1∼404.8)   268.2±157.1   217.7 (110.9∼662.9)

  Women (n=26)                         132.5±100.2          97.7 (40.4∼412.7)    202.1±135.8   147.6 (59.6∼595.0)

  Total population (n=75)              152.2±130.2          120.6 (27.6∼776.6)   279.0±199.1   197.0 (59.0∼779.5)
  ------------------------------------------------------------------------------------------------------------------

GAGs: glycosaminoglycans, SD: standard deviation.
